The application of ethylene to germinating seeds in the practical production of mungbean sprout has been used to get thicker, shorter and harder hypocotyls. In our experiment, a similar response was induced by 2-chloroethyl phosphonic acid treatment (2-CPA). Neutral sugar concentration of the pectin fraction was higher in 2-CPA-treated hypocotyls than in non-treated ones throughout the experiment, while uronic acid concentration in the 2-CPA-treated ones was slightly higher than that in the non-treated on days 3 and 5. In water-soluble pectin, a lower concentration of galactose and a higher concentration of arabinose and rhamnose (and/or xylose) in 2-CPA-treated hypocotyls as compared to the non-treated ones were observed on days 1 and 3. From these results, we hypothesized that the changes in neutral sugar concentration and composition of water-soluble pectin fraction by 2-CPA-treated might contribute to physical and/or morphological change in these hypocotyls.
Bean sprouts that are grown in darkness are a popular fresh vegetable in oriental countries, and both mungbean and Brassica spp. are the most important materials in the Japanese market. Bean sprouts are a food that includes many vitamins, free-amino acids, lipids and other components (Tajiri, 1987a) . In addition, dietary fibers in the bean sprouts are of interest from the viewpoint of human health (Tajiri, 2000) .
Japanese consumers prefer to eat thick and short mungbean sprouts with a crispy feel in the mouth. Therefore, growth control of the sprouts is an important technique, since the hypocotyls often grow succulently in darkness and easily lose their crispness.
Utilization of plant growth regulators (PGRs), especially ethylene, has been reported to inhibit the elongation and to induce the thickening of hypocotyls (Tajiri, 1982; 1985; 1987b; 1996) .
Morphological changes in bean sprouts by PGRs are often accompanied by structural changes in the cell wall polymers such as non-cellulosic polysaccharides. Nishitani and Masuda (1980) showed that accelerated elongation of azuki bean epicotyl segments by IAA was positively correlated with increase in galactose in pectin and hemicellulose polymers.
However, we have no data yet on how cell wall polysaccharides change in relation to thickening of mungbean sprouts under ethylene treatment. In this report, we applied 2-chloroethyl phosphonic acid (2-CPA; an ethylene forming reagent) on germinated seeds of mungbean and changes in the cell wall components in relation to the hypocotyl elongation were studied. This is the first report to clarify how 2-CPA affects both cell wall concentration and the components of mungbean sprouts in darkness.
Materials and Methods
Seeds, ethylene forming reagent and seedlings Taishi Syokuhin Kogyo (Aomori, Japan) supplied us mungbean seeds that were imported from China. A 10% solution of 2-CPA (commercial name: Ethrel 10, Ishihara Sangyo, Mie) was diluted 750 times with water and used the experiment. Mungbean ( Vigna radiata R. Wilcz.) seeds were soaked in running water for 10 min, allowed to absorb tap water for 6 h at 48˚C in the dark, and were then kept at 40˚C for 18 h in the dark (day 0). The germinated seeds were soaked in the 2-CPA solution ( ϩ CPA) or water ( Ϫ CPA) at 20˚C for 30 min, and subsequently allowed to grow at 30˚C for 5 days in the dark. Seedlings were harvested on days 0, 1, 3 and 5, respectively, and then stored at Ϫ 20˚C.
Hardness measurement Hardness of the middle part of the hypocotyl was measured using a Creep-meter (RE-3305, YAMADEN, Tokyo) equipped with a wedge type plunger (W13 mm ϫ D25 mm ϫ H15 mm ϫ 30˚, P-31, YAMADEN).
Extraction and analysis of pectic and hemicellulosic substances Approximately 100 g of hypocotyls at each harvest were used for cell wall extraction. Alcohol insoluble solids (AIS) of the hypocotyls were obtained using the method of Nara et al . (2001) . Frozen hypocotyls were extracted with 80% methanol at 70˚C and the supernatant was collected. This extraction was conducted three times, the supernatants were combined, and adjusted to 250 ml with 80% methanol.
Cell wall pectic substances in the AIS were obtained using the improved method of Nara et al . (2001) : successively extracting with water (WSP; 20˚C, 2 h ϫ 2 times), 100 m M EDTA (ESP; 20˚C, 2 h ϫ 2 times), and 50 mM HCl (HSP; 85˚C, 2 h ϫ2 times). After extraction of pectic substances, hemicellulosic substances in the residue were extracted with 4% KOH (4KSH; 20˚C, 2 h ϫ2 times) and 24% KOH (24KSH; 20˚C, 2 h ϫ2 E-mail: hayami@tds1.tr.yamagata-u.ac.jp times), respectively. Obtained HSP, 4KSH and 24KSH fractions were adjusted to pH 7.0 by NaOH or HCl, dialyzed against distilled water overnight at room temperature, and then adjusted to 10 ml with water.
Uronic acid (UA) and neutral sugar concentrations in the polymers were determined by the m-hydroxydiphenyl method (Blumenkrantz & Asboe-Hansen, 1973) and phenol sulfuric acid method (Dubois et al., 1956) , respectively.
Analysis of neutral sugar composition in pectic and hemicellulosic fractions To hydrolyze the cell wall polysaccharides, aliquots were heated with 2 M trifluoroacetic acid (TFA) for 2 h at 100˚C (Albersheim et al., 1967) and neutralized with NaOH. The hydrolyzed preparations were eluted with distilled water and injected into HPLC equipped with double columns (Grand pack Cation PbϩAl, 250ϫ4.6 mm, MASIS, Aomori) and an RI detector (RI-98, ISI LABO SYSTEM, Tokyo) to measure glucose (Glc), arabinose (Ara), xylose (Xyl) and rhamnose (Rha). The temperature and flow rate were 60˚C and 0.3 ml per min, respectively. Authentic standards of Glc, Ara, Xyl and Rha were used. Galactose (Gal), mannose (Man) and fucose (Fuc) were determined with/by the enzymatic method (Schachter, 1975) , since these monosaccharides were not separated well by HPLC. TFA also hydrolyzes starch to Glc (Goclik & Mischnick, 2003) . Therefore, each fraction was hydrolyzed to Glc by using ␣-amyloglucosidase (Eric & Dennis, 1985) , and the value was subtracted from the concentration of Glc obtained by HPLC using the modified method described by Brillouet and Carrè (1983) . Data were shown as meanϮS.E. of three replicates or significant differences between treatment were analyzed by a paired t-test.
Results and Discussion
Growth and hardness of hypocotyls Mungbean sprouts grow succulently in the dark and result in thin hypocotyls. On the Japanese market, however, thick and crisp hypocotyls are preferred. On a commercial basis, therefore, ethylene gas is used to make the sprouts short and thick. During our experiment, hypo-cotyl length was shorter in ϩCPA than in ϪCPA, while the diameter was thicker (Fig. 1 ). This result shows that 2-CPA has a similar effect to ethylene gas as shown by the ethylene treated mungbean hypocotyls (Tajiri, 1982; 1985) .
Hardness is an important texture on a commercial appeal. The hardness of ϩCPA was greater than that of ϪCPA during the experiment (Fig. 2) , and the value attained the commercial value on day 5 as reported previously (Tajiri, 1981; 1982) . Therefore, 2-CPA will be useful in the commercial production of mungbean sprouts as a substitute for ethylene gas.
Cell wall substances Most AIS are regarded as cell wall substances (Nara et al., 2001) and the values were greater in ϩCPA than in ϪCPA on day 1, while ϪCPA was greater on day 3 ( Fig. 3) . Thus, 2-CPA changes not only the shape of hypocotyls but also the concentration of cell wall polysaccharides. Concentrations of pectin and hemicellulose in AIS was higher in ϩCPA than in ϪCPA, while that of other components was lower. Neutral sugar concentration in pectic and hemicellulosic fractions was higher in ϩCPA than in ϪCPA throughout the experiment, and the difference between treatments was greater in the pectic fraction than in the hemicellulosic fraction ( Fig. 4a and b) . UA concentration was also often higher in ϩCPA than in ϪCPA, and the difference between treatments was greater in the pectic fraction than in the hemicellulosic fraction. 2-CPA treatment resulted in the decrease of other components that mainly consisted of cellulose (Sakurai et al., 1979) (Fig. 4c) . Figure 5 shows the relative ratio of non-cellulosic neutral sugar, UA and other components in the cell wall materials. 2-CPA treatment often enhanced the ratio of UA and non-cellulosic neutral sugars, while reducing other components during the experiment. These results suggest that accelerated biosynthesis of pectic and hemicellulosic fractions by ϩCPA may be due to decreased biosynthesis of cellulose as shown in IAA treated pea (Maurice & Russell, 1981) .
Changes in sugar composition of cell wall polysaccharides of mungbean hypocotyls by 2-CPA In all pectic and hemicellu- losic fractions of mungbean hypocotyls, Gal, Xyl, Rha, Glc, Ara and Man were detected (Table 1) , similar to mungbean cotyledons (Gooneratne et al., 1994) , pea stems (Maurice & Russell, 1981) and kidney bean hypocotyls (Van Holst et al., 1980) , although the relative ratio of these sugars was different.
In pectic fractions, Ara, XylϩRha and Glc in ϩCPA were higher than those in ϪCPA on days 1 and 3, while Man and UA during the same period were lower or almost equal (Table 1) . This was also true in total (pectinϩhemicellulose) fraction. When mungbean hypocotyls are grown under a dark condition, Gal and Ara decrease but XylϩRha increase compared with those grown under a light condition (Goldberg et al., 1986) . Thus, the effect of 2-CPA treatment on cell wall components was similar to the result of lighting. Man is known to have constituents of galactomannan, one of which is viscoid substances in legumes (Lynnette et al., 1999; Manjoosha & Virendra, 2001; Harsha & Virendra, 2003) . In our experiment, Man in the pectin fraction dominantly decreased between days 0 and 1, and the decrease was greater in ϩCPA than in ϪCPA. Therefore, 2-CPA treatment may decrease viscosity in the cell wall.
In the hemicellulosic fraction, ϩCPA often increased both Ara and XylϩRha but often decreased Man and UA as shown in pectic and total fractions. Decrease in Glc and/or Xyl in hemicellulosic fraction during elongation often results in cell wall loosening, as reported in IAA-treated adzuki bean (Nishitani & Masuda, 1980) and Avena coleoptile (Sakurai et al., 1979) , and in GA-treated Phaseolus vulgaris hypocotyl (Bagatharia & Chanda, 1998) and dwarf maize coleoptile (Carpita and Kanabus, 1988) . Although the ratio of Glc in hemicellulosic fraction did not follow a fixed pattern between treatments during our experiment, that of XylϩRha was always higher in ϩCPA than in ϪCPA. This result suggests that 2-CPA may elongate xylose side-chains of xyloglucan, intertangle between side-chains, and result in the inhibition of cell wall loosening during the elongation. 
Comparison among sub-fractions in pectin fraction
Changes in relative sugar ratio in ϪCPA during the experiment (Table 2) were almost consistent with the sugar ratio as reported previously (Nishitani & Masuda, 1980; Maurice & Russell, 1981; Van Holst et al., 1980; Goldberg et al., 1986) . Figure 6 shows the relative ratio of WSP, ESP and HSP in pectin sub-fractions of the cell wall materials. The ratio of WSP was higher in ϩCPA than in ϪCPA during the experiment. The ratio of ESP and/or HSP, however, was usually lower in ϩCPA than in ϪCPA. WSP is commonly regarded as a constituent of the outermost layer in pectin polymers that are constructed by small molecule polysaccharide (Md. Asgar et al., 2003; Iagher et al., 2002; Paull et al., 1999) . Therefore, our results suggest that 2-CPAtreatment preferentially induces the biosynthesis of small molecule fragments of pectin polymers and may increase the hardness and thickness of mungbean hypocotyls in darkness.
Both Ara and XylϩRha in WSP were usually at a higher ratio in ϩCPA than in ϪCPA during experiment (Table 2) while both Gal and Man in WSP were at a lower ratio in ϩCPA than in ϪCPA, especially in Gal. These results suggest that increase in the thickness of the pectic layer by 2-CPA-treatment (Fig. 1b ) may be accompanied not only with quantitative changes in pectic neutral sugars (Figs. 4 and 6) but also with qualitative changes in the components, especially Ara, XylϩRha and Gal in WSP. These morphological and biochemical changes by 2-CPA-treatment may also contribute to the physical changes of mungbean hypocotyls (Fig. 2) .
Conclusion 2-CPA treatment on germinated mungbean seeds increases water soluble pectin and changes the polysaccharides components. These biochemical changes in water soluble pectin polymers will contribute to the increase in crispness and thickness of the hypocotyls. 
